Hideo Aochi, Thomas Ulrich. A probable earthquake scenario near Istanbul determined from dynamic simulations. the North Anatolian fault in the Sea of Marmara, which poses a high risk to the nearby city of Istanbul. Several fault geometry models, nucleation points, and initial stress states are tested. The likelihood of each earthquake scenario is evaluated, and a probabilistic assessment of the ground-motion estimation is proposed. The simulation results suggest that the fault geometrical configuration is not favorable for producing an earthquake of magnitude 6-7, as no scenario is found. On the contrary, the probability of occurrence of an earthquake of magnitude greater than 7 is high. Most of these large events are characterized by epicenters located in the central or eastern parts of the Sea of Marmara. However, the possibility of a western-initiated rupture propagating eastward, the worst scenario for the Istanbul region, cannot be ruled out. Many simulations led to supershear ruptures, as observed for the nearby 1999 İzmit earthquake, and this significantly influences ground-motion prediction in the region.
Introduction
Istanbul and its surrounding area present one of the highest seismic potentials of the whole Euro-Mediterranean zone for the near future, as well as the attendant risks (e.g., Parsons et al., 2000; SHARE website, see Data and Resources) . A large earthquake such as the 1999 İzmit and Düzce earthquakes is expected along the major North Anatolian fault, which runs over 1000 km across Turkey. The portion beneath the Sea of Marmara remains a seismic gap, silent since the eighteenth century (e.g., Barka et al., 2002) , and thus the regional hazard assessments and risk prevention plans are major concerns. An unresolved but fundamental scientific problem concerns the nature of the earthquake scenario to consider. In the current hazard assessment plans, various earthquake scenarios are adopted in a deterministic way (e.g., Erdik et al., 2004; Pulido et al., 2004) , but the likelihood of each scenario is never quantitatively assessed. After a few decades of seismological studies on various earthquakes, we know that most earthquake source processes are heterogeneous and complex rather than a simple model with a uniform fault displacement along a fault plane (e.g., Mai and Beroza, 2002) . On the other hand, numerical simulations incorporating the mechanics of earthquake rupture (hereafter termed dynamic simulation) revealed that the earthquake rupture, under typical tectonic loading, is controlled by intrinsic features of the fault macroscopic structure . In particular, the fault geometry plays a significant role in the earthquake process as inferred from numerical simulations (e.g., Harris and Day, 1999; Oglesby et al., 2003; Aochi and Kato, 2010; Kase, 2010; Fukuyama and Hao, 2013; Douilly et al., 2015) , as well as from geological observations (e.g., King and Nábĕlek, 1985; Wesnousky, 2008) . The aim of this study is to make use of high-performance computing of dynamic simulations to infer the likelihood of several earthquake scenarios in the Sea of Marmara. This information can be particularly relevant for the next generation of quantitative seismic-hazard assessment.
Method Geometry Models and Numerical Scheme
Using well-mapped fault traces under the Sea of Marmara (Le Pichon et al., 2003) , we built a 3D model of the North Anatolian fault that assumes a pure strike-slip regime resulting from the rotation of the Marmara and Eurasia blocks (Fig. 1) . This model features a complex bending, jog, and bump structure along the strike (LP model). An oversimplified model is also prepared, smoothing out the small geometrical irregularities (SP model). Previously Oglesby and Mai (2012) carried out dynamic rupture simulations on an irregular geometry model consisting of several planar fault segments in this area. Their model is considered to be of intermediate complexity in terms of geometry (OM model). We apply the same simulation procedure as the one used in the simulation of the 1999 İzmit earthquake , hereafter referred as AM03) and assume a vertical strike-slip faulting (Le Pichon et al., 2003) . The 3D boundary integral equation method (Aochi et al., 2000) allows the complex fault geometry to be dealt with by integrating the rupture criterion on the fault interface. A parameter study is conducted using a relatively coarse resolution of 400 (12,936 elements for the OM model) or 500 m (8670 and 8330 elements for the LP and SP models, respectively) to cope with the available computing resources (each simulation takes less than ∼3 hr on 256 cores). The discretization accuracy has been first verified by conducting a simulation of finer resolution (200 m grid size; i.e., 54,145 elements for the LP model). A mirror source implementation (Quin, 1990 ) is introduced to simulate strike-slip faulting in a semi-infinite homogeneous elastic medium (e.g., AM03). The P-and S-wave velocities are of 6000 and 3464 m=s, respectively, and the material density is 2700 kg=m 3 .
Rupture Criterion and Friction Law
We use much the same parameter settings as in our previous work on the 1999 İzmit earthquake (AM03), as it was the last large event on the North Anatolian fault, and we poorly know the detailed rupture patterns of the past earthquakes in the Marmara region. The rupture process is formulated by a constitutive relation between the fault slip Δu and the shear stress τ, designated as the slip-weakening law: τΔu τ r τ p − τ r 1 − Δu=D c H1 − Δu=D c 1 (e.g., Ide and Aochi, 2005) , in which H is the Heaviside function, τ p and τ r are peak and residual stresses, and D c is the critical slip-weakening distance. The two values τ p and τ r are given by the Coulomb law, depending on the normal stress (σ n ) applied through the static (μ s ) and dynamic
2 in which σ 0 is cohesive force and σ n is taken as positive for compression. In this study, we use the same value as AM03, namely, μ s 0:3, μ d 0:24, σ 0 5 MPa, and D c 80 cm (at seismogenic zone down to 12 km of depth), respectively. We assume the maximum (σ 1 ) and minimum (σ 3 ) principal stresses are oriented horizontally. At each depth, the vertical intermediate stress (σ 2 ) is assigned a value from the hydrostatic pressure (equal to lithostatic pressurehydrostatic pore pressure) (e.g., Sibson, 1982) . However, we do not take into account fluid circulation or deformation, so the pore pressure does not play an explicit role in our simulations. The stress field is uniformly loaded on the whole fault system, allowing only changes in the direction of σ 1 and σ 3 . For a given direction of σ 1 , an optimal fault orientation (angle Φ) exists for which the stress state is the closest to the rupture criterion. Φ is defined as
Designating the normal and shear stresses on this optimal plane as σ opt n and τ opt , we define a parameter T (T ≤ 1);
which indicates the ratio of the static stress drop Δτ versus the breakdown strength drop Δτ b . Parameter T is a variable that can be translated into other forms, such as the S parameter on a fault plane of interest Das and Aki (1977) . Note that S 1=T − 1 for the optimal plane. S varies with the fault orientation, whereas T is unchanged as it is defined by the external principal stresses. In previous studies of past earthquakes, T ranges from 0.66 to 1.0 Aochi et al., , 2006 . This study supposes three values: 0.66, 0.75, and 0.97.
The kinetic motion of the North Anatolian fault around the Marmara Sea suggests that the kinematic parameters for the boundary of the Marmara block have a relatively short small circle radius for the pole rotation (e.g., 4.77°from Le Pichon et al., 2003) . This strongly supports the inference of a rotation of σ 1 along the portion of the North Anatolian fault in the Marmara Sea. In this simulation, we assume the optimal stress plane is tangential to the small arc defined by the pole rotation along the fault. The assumption of a uniform level of the stress field along strike is sufficient as a first approximation . We set a value of T in each simulation. The stress level applied on the fault varies then spatially. The normal (σ n ) and shear (τ) stresses applied on any point are functions of the angle between the fault plane and the direction of σ 1 (ψ):
in which Δσ is obtained by the AM03 relationship
This formulation is applied for all the depths considered to display brittle behavior, namely those from the ground surface down to 12 km. Below 12 km, we consider the fault to be ductile, supposing that the applied stress does not increase anymore and that D c becomes much longer (AM03). Figure 2 shows an example of the applied shear and normal stresses at a depth of 7.25 km along the fault system as a Mohr-Coulomb diagram for T 0:97. The depth dependency of the confining pressure implies lower stress loading near the ground surface than at depth. It is then expected that coseismic stress perturbations are strong enough at shallow depths to affect the dynamic-rupture process (Aochi et al., 2000) .
Parameter Setting in Logic Tree
Under our current state of knowledge, it is difficult to predict a probable hypocenter location for any earthquake (e.g., Bouchon et al., 2011; Oglesby and Mai, 2012) . We accordingly suppose three hypothetical positions along the fault strike ( Fig. 1) and assume that an earthquake triggers at a depth of 10 km (i.e., 2 km above the base of the seismogenic layer), with an initial crack of 3 km radius, on which τ p is set equal to τ r . In summary, we considered tens of model parameter sets, which still represent only a portion of all the possibilities that we may or may not be aware of. As shown in Figure 2 , we propose here to quantify the likelihood of each simulation by adopting a logic-tree approach (Aochi et al., 2006) , which is commonly used in probabilistic risk evaluation (e.g., Sabetta et al., 2005; Field et al., 2009) . First, among the three fault geometry models, the models of complex geometry (LP or OM) are more likely than the oversimplified model (SP), because a simple fault model is an approximation on a long wavelength (AM03). A higher weight is then assigned to both LP and OM models. Stress accumulation evolves over time. For the three different accumulation levels of this study (sufficient, high, and extremely high), the first two levels (T 0:66 and 0.75) in equation (4) are usually sufficiently high to trigger the characteristic earthquakes in similar situations. The state of extremely high stress accumulation is possible only if the target earthquake has not yet occurred for a long time. However, such an extreme condition is unlikely to occur, as any small perturbation may easily lead to a cascade rupture growth (e.g., Ide and Aochi, 2005) . Therefore, the probabilistic weight gets lower as the stress accumulation becomes larger. Finally, we test 27 cases with probabilities ranging from 0.5% to 7.5%.
Results and Discussion
All 27 simulation results are presented in Figures 3-5 , which correspond to the fault geometry of LP, OM, and SP, respectively. The more detailed Figure A1 shows snapshots of dynamic-rupture simulation corresponding to the cases with (a) the complex (LP) geometry model, (b) T 0:75, and (c) the central location of the hypocenter (Hypo_C). A probability of 5.25% has been assigned, and this case is also represented in the second simulation in the top row of Figure 3 . The preferential-ruptured area is controlled by the geometry along the Central Marmara section, because the fault structure is smoother to the east than to the west, and the fault orientation of the eastern part is more optimal to the principal stress field. When the stress level is lower (T 0:66), the rupture propagates only eastward (third simulation in the top row of Fig. 3 ). In comparison with the other fault models (Figs. 4 and 5) under the same stress condition and with the same hypocenter location, the rupture of the SP model is further extended, and the expected magnitude is consequently greater. In general, the more complex the fault geometry, the greater its influence on the rupture process: complex geometry leads to a slow rupture velocity and limits the rupture extent. The hypocenter position also plays a significant role, as previously pointed out (Oglesby and Mai, 2012) . All of these variations in rupture scenarios are important for ground-motion prediction.
The east-southeast strike direction of the North Anatolian fault at the eastern part in the Sea of Marmara (the Çınarcık region; Fig. 1 ) is substantially different from the eastward strike direction of the rest of the fault. None of our scenario earthquakes fully ruptures this section, though ruptures from the west sometimes jump onto the farthest part, where the fault strike becomes again the east-west direction (e.g., the first column in Fig. 3 ). However, this slip does not contribute significantly to the final magnitude (< 0:1). Inversions of the İzmit earthquake suggest that this part of the fault may have ruptured in 1999 (e.g., Bouchon et al., 2011) . Thus, this section is ultimately less important for the discussion of the next large earthquake on the North Anatolian in this article.
A statistical analysis of the results, based on the logic-tree approach (Fig. 2) , is presented in Figure 6a . First, we find the earthquake scenarios fall into two groups: those of magnitude < 6 or those of magnitude > 7. The former group gathers earthquakes that could not propagate much because of the unfavorable stress condition around the supposed hypocenter position. On the other hand, no event achieved a magnitude between 6 and 7. This implies there is no rupture segmentation geometrically controlled at this scale in the case where the earthquake is supposed to start on the Central Marmara section. Finally, a successfully initiated rupture tends to attain a magnitude of 7.3 on average. For the large events, the probability is greater than one half (54%) for the rupture to start from a centrally located point and propagate bilaterally (Figs. 3-5) . The probability is still high (41%) for the rupture to start from the eastern part and propagate westward. The probability drops to 5% for a rupture starting from the western extremity and propagating eastward. This low probability reflects the fact that the western part of the fault system is geometrically complex and less favorably oriented within the supposed stress regime.
The 27 cases tested do not cover the entire range of possibilities, and the assigned probabilities remain arbitrary. The uncertainty in the other model parameters fixed in this study (μ s , μ d , σ 0 , and D c in equations 1 and 2) may not be insignificant and could have been taken into account, although they are globally consistent with many other studies presenting dynamic-rupture simulations in which the dynamic stress drop and D c are of the order of 10 MPa and tenths of centimeters, respectively, for an earthquake of magnitude 7 (e.g., Peyrat et al., 2001; Ruiz and Madariaga, 2013) . The proposed scenarios in this study are fully comprehensible from the standpoint of the mechanics and, therefore, appear likely. The spatial heterogeneity introduced in this study originates only from the fault geometry, which principally controls the macroscopic parameters such as the final magnitude and the rupture directivity. Further heterogeneities at smaller scales could be considered (1) deterministically, if we know the spatial distribution of heterogeneity such as fault asperity (Ide and Aochi, 2013) , seismic coupling (Schmittbuhl et al., 2014) , and other geochemical factors (Tryon et al., 2010) , or (2) stochastically, as this is often developed in pseudodynamic modelings (e.g., Mena et al., 2012; Schmedes et al., 2012; Song and Dalguer, 2013; Trugman and Dunham, 2014) . Such heterogeneities may make the triggering of multiple fault segments difficult (Kase, 2010) . In this meaning, simulations under homogenous conditions give the upper limit of the rupture dimension for each case.
An important feature that is not revealed in the statistics is the potential for supershear rupture (Oglesby and Mai, 2012) , that is, when the rupture velocity exceeds the S-wave velocity. This occurs on the segments delimited by the supposed hypocenter positions along the Central Marmara section, where the geometry is smooth enough even in the complex model (LP). This occurrence is consistent with the fact that a homogeneous fault allows an important acceleration of the rupture velocity (AM03; Ide and Aochi, 2005) . Supershear rupture is also important in terms of seismic-wave radiation. Figure 6b characterizes the ground-motion levels provided by all 27 simulations for a grid point (41.0425°N, 28.9968°E) located in the city center of Istanbul, and Figure 6c shows the peak ground velocity (PGV) map of one scenario, calculated using a finite-difference method in the 3D heterogeneous model (Aochi and Ulrich, 2014) . The very strong waves, radiated by a supershear rupture, do not attenuate rapidly with distance (Dunham and Bhat, 2008; Aochi et al., 2011) . Supershear ruptures have been observed in several earthquakes, including the 1999 İzmit event (Bouchon et al., 2001 ); yet their effects on the ground motions have never been considered in seismichazard assessments of this region. The probable groundmotion level due to a large event of magnitude > 7 is mostly less than 40 cm=s; yet, a small possibility of extreme ground motion exceeding 1 m=s exists.
Conclusion
In conclusion, combining deterministic simulations of earthquake dynamics with a probabilistic framework makes it possible to quantify probable rupture scenarios for a future earthquake in the target area, the Sea of Marmara, as well as to clarify the mechanical causality of the dynamic system. Our 27 simulated cases in the assumed logic tree, based on the mapped fault traces, produce no events in the magnitude 6-7 range, whereas the probability of occurrence of an earthquake of magnitude > 7 is high. Epicenters of the large events are more likely in the central and eastern parts of the Sea of Marmara. However, the possibility cannot be ruled out for the rupture to begin in the west and propagate eastward, which constitutes a worst-case scenario for the Istanbul region. Although our model settings do not cover all the possible seismological and geodetical interpretations of the area, the statistical analyses carried out in this study support our mechanical understanding.
For a more reliable hazard evaluation, one will need further parameter investigation-not only on the three variable factors of this study, but also on the other model parameters (heterogeneous stress accumulation, seismic coupling, and fault rheology due to geochemical interaction). Coupling with a geodynamical modeling of interseismic stress accumulation process (e.g., Hergert and Heidbach, 2010 ) will be a future task as well. On the other hand, a supershear rupture is noticed in many cases of our models, as observed during the nearby 1999 İzmit earthquake. The simulations suggest taking into account its effect on the ground-motion estimations. The combined dynamic and statistical modeling can improve the current assessment of seismic hazard in the region. One can call on numerical simulations to explore the possible behavior of the fault system for a future earthquake beyond the current empirical approaches.
Data and Resources
The seismicity and relief data plotted in Figure 1 were provided by Kandilli Observatory and Earthquake Research Institute-National Earthquake Monitoring Center of the Boğaziçi University, Turkey, at http://udim.koeri.boun.edu.tr/ (last accessed September 2014) and by the National Geophysical Data Center (National Oceanic and Atmospheric Administration) at http://www.ngdc.noaa.gov/mgg/global/ global.html (last accessed January 2015), respectively. Seismic Hazard Harmonization in Europe (SHARE) is available at http://dx.doi.org/10.12686/SED-00000001-SHARE. All the other information used in this article came from the published sources listed in the references.
